The nonapeptide oxytocin (OT) has been repeatedly implicated in processes of parent-infant bonding in animal models; yet, its role in the development of human parenting has received less attention and no research has addressed the involvement of OT in the transition to fatherhood.
S
ensitive parenting is considered the cornerstone of the individual's well-being and adaptation throughout life (1, 2) . Uncovering the neurobiological basis of the parentinfant bonding process in normative populations may therefore be important for understanding disruptions to the bonding process that may lead to pathological development. Research has repeatedly implicated the neuropeptide oxytocin (OT) as one of the key hormones involved in parent-infant bonding in mammals, as well as in a range of social and affiliative behaviors (3) (4) (5) (6) (7) . Oxytocin plays an important role in birth and lactation, and central OT injection in animals can quickly induce the full-blown repertoire of maternal behavior (8 -12) .
Studies on the associations between OT and parenting in mammals have pointed to several mechanisms by which central OT may affect the development of parenting behavior. For instance, maternal licking and grooming of rat pups during the postpartum period has been associated with greater OT receptor binding or increased activity in brain areas critical for the development of parenting in mammals, including the medial preoptic area, lateral septum, the paraventricular nucleus of the hypothalamus, and the nucleus accumbens (13) (14) (15) (16) . Cross-fostering studies indicated that such patterns of maternal behavior are transmitted from mother to daughter on the basis of early experience. In sheep, OT brain activity has been shown to regulate aspects of maternal interest and involvement, such as the inhibition of aggression and sexual motivation after birth (11) , and in free-ranging Rhesus Macaques, plasma OT is related to increased nursing and grooming (17) .
The role of OT in the development of human affiliation and affiliation-related behaviors has recently been demonstrated through the use of intranasal administration of OT. Oxytocin inhaling was found to increase trust (18) , reduce negative behavior during couple conflict (19, 20) , decrease amygdala activation to fearful faces (21) (22) (23) , and increase theory of mind skills (24) , suggesting a potential direct OT involvement in processes of social bonding and interpersonal closeness, as well as in other social and emotional behaviors (25) . Still, very little is known on the effects of OT on human parenting. Specifically, the normative distributions of peripheral measurements of maternal and paternal OT across the first months of parenting has not, to our knowledge, been systematically examined. Such information in healthy mothers and fathers may be important for research on high-risk parenting, including conditions such as postpartum depression, premature birth, child maltreatment, or contextual risk.
Several studies in human mothers have shown that peripheral OT release during birth, breastfeeding, and skin-to-skin contact between mothers and newborns is related to higher maternal responsiveness, lower maternal stress, and more optimal motherinfant bond (3, 26) . A study that followed maternal OT levels from early pregnancy to the postpartum showed that a significant increase from the first to the third trimester was associated with the degree of the mother's emotional bonding to her fetus (27) . In addition, higher levels of plasma OT in the first trimester predicted greater amounts of maternal behavior in the postpartum, including gaze toward the infant's face, positive affect, and affectionate touch (28) .
As such, the overall goal of the present study was to document the levels of plasma OT in first-time mothers and fathers during the first weeks of parenting and again when the infant was 6 months old. Three specific goals guided the study: 1) to compare plasma OT concentrations in mothers and fathers across the first 6 months of parenting and to assess interrelatedness in OT levels between cohabitating partners; 2) to assess whether OT levels in mothers and fathers are individually stable across the first postpartum months; and 3) to examine whether maternal and paternal OT are related to a specific set of maternal and paternal behaviors that are characteristic of human mothers and fathers.
Methods and Materials

Participants
Eighty cohabitating couples and their firstborn infant (n ϭ 240 participants) participated in the study. Of these, 128 parents (66 mothers and 62 fathers) were seen again when the infant was approximately 6 months old (M ϭ 24.8 weeks, SD ϭ 4.38). Fathers' age averaged 29.45 years (SD ϭ 3.87) and education averaged 15.7 years (SD ϭ 2.85), and mothers' age averaged 27.24 years (SD ϭ 3.67) and education averaged 16.08 years (SD ϭ 2.22). Parents were all residing in central Israel, were of middle class background, had completed at least high school education, and were above 20 years old, and the infant was the first child to both mother and father. Infants (37 boys) were all healthy firstborns of a singleton birth. Sixty-five infants (81.2%) were born by vaginal birth and 15 infants were born by cesarean section. Most mothers (86.2%) breastfed at the first visit and 73.8% were still breastfeeding at the second visit. Participants were recruited through advertisements that were posted in the university and surrounding area and in parenting message boards online. The research was approved by the Institutional Review Board and conducted according to ethical standards, and all participants signed an informed consent.
Oxytocin
Parents were visited at home during the evening hours (4:00 -8:00 PM). Parents first signed an informed consent and then completed self-report measures assessing a range of demographic and health variables (e.g., weight, height, smoking, menstrual cycle, contraceptives, and feeding patterns). Next, blood was drawn from the antecubital vein of the parents into 9 mL chilled vacutainer tubes containing lithium heparin that were supplemented with 400 KIU of Trasylol (Bayer, Leverkusen, Germany) per 1 mL blood. Oxytocin samples were kept icechilled for up to 2 hours before being centrifuged at 4°C at 1000g for 15 minutes. Supernatants were collected and stored at Ϫ70°C until assayed. Parents were asked to refrain from food intake for 30 minutes before blood draw. Maternal blood was drawn at least 30 minutes after nursing and 30 minutes before nursing. In the first home visit, blood was not drawn from two mothers, and in the second time point of the study, blood could not be drawn from eight mothers and three fathers for technical reasons.
Determination of OT was performed using a commercial OT enzyme-linked immunosorbent assay kit (Assay Design, Ann Arbor, Michigan) as described in earlier studies (27) (28) (29) (30) . Measurements were performed in duplicate and the concentrations of samples were calculated by using MATLAB-7 (The MathWorks, Inc., Natick, Massachusetts) according to relevant standard curves. The intra-assay and interassay coefficients were less than 12.4% and 14.5%, respectively.
Parenting Behavior
In the first visit, each parent was videotaped interacting with the infant for 10 minutes. Instructions were to play with your infant as you normally do and no specific position or toys were required. If the infant was asleep throughout the home visit or was crying and could not be soothed, interactions were not videotaped. Interactions were available for 58 fathers and 61 mothers. Infants' mean age at the first time point was 7.1 weeks (SD ϭ 2.11).
Interactions were microcoded by trained graduate students on The Observer computerized system (Noldus, Wageningen, Netherlands) in .01 second frames, consistent with previous research on parent-infant interaction in the neonatal period that utilized the same computerized system (31) (32) (33) . Four nonverbal categories of parenting behavior were coded and each category included a set of mutually exclusive codes (an "uncodable" code was added to each category to address moments when codes could not be determined).
Categories and codes were as follows: parent gaze-to infant's face, to infant's body, to object or environment, gaze aversion; parent affect-positive, neutral, negative; parent vocalizations-motherese (high-pitched, sing-song vocalization), adult speech to infant, adult speech to other adult, none; and parent touch-affectionate touch (e.g., hugging, kissing, stroking), touch of infant extremities, functional touch, proprioceptive touch (i.e., changing infant position in space), object presentation, stimulatory touch, none.
Interrater reliability was conducted for 10% of the interactions and averaged 98% (kappa ϭ .84). For each behavior, we computed the proportions of time out of the entire interaction this behavior had occurred. Two composite scores for parental behavior were created in light of previous microanalytic studies of parenting in the postpartum (28, (32) (33) (34) (35) : affectionate parenting behavior was the sum of the proportions of positive affect, motherese vocalization, and affectionate touch, and stimulatory parenting behavior was the sum of the proportions of proprioceptive touch, object presentation, and stimulatory touch.
Results
Oxytocin
Maternal and paternal plasma OT levels in the second and sixth postpartum months are presented in Table 1 . As seen, OT levels are consistent with previous studies in adults using enzyme-linked immunosorbent assay methodology (27, 28, 30) . Figure 1 illustrates frequency distributions of OT levels in mothers and fathers during the first and second visits. Prior to data analysis, OT levels were log transformed and outliers higher than three standard deviations of the mean in both time points were omitted (n ϭ 6).
Pearson correlations indicated that OT was unrelated to demographic variables, including parent age, height, weight, smoking, use of medications, and time of last meal. In addition, maternal OT was not related to menstrual cycle phase, contra- ceptive intake, mode of delivery (vaginal vs. caesarean section), feeding style (breastfeeding vs. bottle feeding), postpartum interval (weeks from birth to date of blood draw), or the interval from prior breastfeeding. To examine our first study question, a repeated measures analysis of variance was conducted with parent gender as the between-subject factor. No main effect was found for parent, F (1,108) ϭ .04, p ϭ .83, effect size ϭ .00, indicating that mothers and fathers show similar levels of OT across the first 6 months of parenthood. A significant main effect emerged for time: F (1,108) ϭ 6.27, p Ͻ .005, effect size ϭ .06. Overall, OT levels increased in mothers and fathers from the first postpartum weeks to 6 months after the birth of their first child.
To further examine our first and second study questions on the associations between OT across time in each parent and between partners, Pearson correlations were computed ( Table 2) .
The data presented in Table 2 indicate that OT levels showed high individual stability in both mothers and fathers. Results also demonstrate that OT levels of husband and wife were interrelated at both time points. Furthermore, maternal OT at the first visit was related to paternal OT at the second visit and vice versa, pointing to a close interdependence between the OT levels of cohabitating parents during the transition to parenthood.
Parenting Behavior
Mean proportions of affectionate play was .66 (SE ϭ .05) and the frequency was 4.79 (SE ϭ .20). Mean proportions of stimulatory play behavior was .37 (SE ϭ .02) and the frequency was 2.65 (SE ϭ .15). Pearson correlations showed that among both fathers and mothers the proportion of affectionate behavior and stimulatory play was negatively related (r ϭ Ϫ.51, p Ͻ .005, and r ϭ Ϫ.41, p Ͻ .005 for fathers and mothers, respectively). To examine the differences between mothers and fathers in the distributions of parenting behavior, paired sample t tests were preformed. No mean-level differences were found in the proportion of time mothers and fathers engaged in affectionate and stimulatory parenting behaviors. However, maternal OT correlated with the amount of time mothers spent in affectionate parenting behavior, r ϭ .33, p Ͻ .05, but not with the time mothers engaged in stimulatory parenting behaviour, r ϭ Ϫ.22, p Ͼ .10. On the other hand, paternal OT levels were related to the amount of time fathers spent in stimulatory parenting behavior, r ϭ .30, p Ͻ .05, but not with the proportions of paternal affectionate parenting behavior, r ϭ .08, p Ͼ .10. Figures 2A and  2B present the scatter plots for these correlations.
Discussion
Results of the present study provide the first normative data on the distributions of OT in human mothers and fathers across the first months of parenthood. The data point to similarities between the OT levels of mothers and fathers and show that during the early phases of parenthood, peripheral OT levels in cohabitating parents are interrelated. Finally, the findings point to gender-specific associations between parental OT and parenting behaviors during dyadic interactions in the first postpartum weeks: affectionate parenting behavior was associated with maternal OT and stimulatory parenting behavior was related to paternal OT.
Although OT has typically been considered a maternal hormone associated with birth and lactation (3, 36) , our findings show similar basal concentrations of OT in maternal and paternal plasma. The present findings are consistent with recent research assessing plasma (30) and cerebrospinal fluid OT (37) , which showed similar concentrations of OT in men and women. These gender similarities are also consistent with studies on the intranasal effects of OT (18, 24, 38) .
The high level of stability found in basal OT levels may suggest that baseline OT levels are relatively stable during the postpartum period, except for moments of specific physiological processes such as breastfeeding or sexual intercourse that lead to considerable rise in OT but are short in duration (26,39 -41) . When longitudinal changes in basal OT concentrations have been reported, such changes appear to be relatively small in magnitude (27, 42) . Future research is required to assess whether breastfeeding has a prolonged effect on basal OT levels and whether such effect may explain the rise in OT levels from the second to the sixth postpartum month. The significant rise in OT during the first 6 months of parenting may suggest that OT increases in parents as their relationship with the infant evolves. Parents derive a greater reward from interacting with an infant who is a more active and reciprocal social partner at 6 months (43) (44) (45) (46) and this may lead to greater release of OT, similar to the role of positive interactions in increasing brain OT (13, 47) . In addition, as parents experience higher stress over the first 6 months of parenting (48, 49) , OT activity may increase to mediate such parenting stress (16, 49, 50) .
Maternal OT was associated with parenting behavior that incorporates maternal gaze, positive affect, and affectionate touch, a behavioral constellation that defines the maternal postpartum repertoire in human mothers and has shown to predict infants' social and emotional growth (28, 31, 32, 34) . On the other hand, paternal OT correlated with stimulatory, proprioceptive, and object-oriented play, a style that is typical of the human father's interactions with his infant (51) (52) (53) (54) (55) . The links between maternal OT and maternal affectionate contact are consistent with studies in animal models (13, 14, 47 ) that pointed to the involvement of central OT in regulating the degree of "lickingand-grooming" maternal behaviors in female rats. Future genetic research is required to shed light on the contribution of OT receptor gene polymorphisms to individual differences in parenting behavior and to potential susceptibilities to neglectful parenting.
The affectionate play and stimulatory play composites possibly represent two modes of parenting behavior that may be underlay by distinct genetic and hormonal constellations. For instance, two parenting styles-social and didactic-have been described in the interactions of mothers and their infants, which were stable over time and unrelated to each other (56) . It is also possible that OT is related to the type of behaviors from which mothers and fathers derive the most reward. Infants tend to prefer fathers as playmates when they are positive and choose mothers for comfort when distressed (52, 53, 57) . The infant's preference may be of high reward value for the parent, and thus, although mothers and fathers displayed similar levels of affectionate and stimulatory play, OT may be linked to the behaviors each parent found the most rewarding. These findings are consistent with the associations reported between central OT functioning and the mesolimbic dopamine reward pathways in animals (7,58 -61) . Future research is thus needed to follow the parent's interactive style in relation to hormonal levels and the developing attachment across the first years of life.
The present study is the first to demonstrate associations between OT levels in cohabitating partners; yet, due to the study design, it is not possible to determine the mechanisms through which such hormonal synchronization occurs. Similar interdependence between attachment partners has been reported for hormones such as cortisol, vasopressin, epinephrine, adrenocorticotropic hormone, growth hormones, and prolactin (62) (63) (64) . Similarly, a couples' intervention program including warm and affectionate touch was found to induce an "endocrine fit" between partners (65) . Further longitudinal research is required to follow individuals throughout adulthood and examine changes in OT levels during periods of falling in love with a romantic partner or during the first months of pregnancy to asses whether the correlation in OT levels described here is specific to the postpartum period or represents a more general trend.
Among the limitations of the study is the reliance on basal and peripheral OT without the inclusion of central or reactive measures. Although the relationship between central and peripheral OT levels is not fully understood, both animal (29, 66) and recent human (39) studies suggest that central and peripheral activity of the oxytocinergic system is coordinated. The high stability in OT levels across a period of several months and the links reported between plasma OT with socioemotional and behavioral indicators of affiliation (27, 28, 30, 39, (67) (68) (69) support the validity of peripheral OT as a biomarker of affiliation processes. In addition to the actual level of OT in the periphery, the distribution and density of central OT receptors may be another key factor in understanding the role of OT and related neuropeptides in affiliative behavior (70, 71) . For example, in rodents there is a major shift in the location and density of OT receptors following parturition in the dams and after weaning in the pups (72, 73) . Future studies may incorporate measures of OT reactivity to the study of the transition to parenthood.
Our findings highlight the involvement of OT in adaptive human parental bonding. As the functioning of the OT system is disrupted in a variety of psychopathological conditions, including depression and schizophrenia (68, 74) , assessing the transition to parenthood under risk conditions for the development of parenting is required to provide a broader perspective on the biological underpinning of healthy and high-risk parenting.
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